Creating conservation policies for declining migrant species in response to global change presents a considerable challenge. Migrant species are affected by factors at breeding grounds, overwintering areas and during migration. Accordingly, reserve-based management during the breeding season is not always a suitable conservation strategy. Recent Pied Flycatcher population decline typifies the pattern for many migrants. The UK population has declined by 43% in the past decade, but explanations, and possible solutions, remain elusive. We use 15 years of data (1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002)(2003)(2004)) from a declining British population to establish possible reasons for decline, considering: (1) breeding performance (including the influences of competition and predation); (2) weather patterns caused by the winter phase (DecemberMarch) of the North Atlantic Oscillation (NAO), which modify conditions experienced at wintering grounds and on migration; and (3) possible impacts of climate change on spring temperatures. We conclude that decreasing breeding performance is contributing to decline, but that nonbreeding factors are more important. Winter NAO index is a strong predictor of breeding population, probably because it influences food abundance in Africa and at migratory stop-over points. Importantly; however, year itself enhances the predictive model, indicating that influences on population remain unaccounted for by current research. Management strategies based on increasing breeding productivity cannot fully address population decline because non-breeding factors appear important. However, as breeding performance is declining, breeding-based strategies remain useful conservation tools. To this end, our research indicates that optimal placement of nestboxes as regards orientation and habitat management to increase larval food supplies could increase productivity significantly.
Analysis of temporal change in population size, distribution and breeding success is important in ornithological research. Such identified changes can be both indicators of population trends and the effectiveness of management strategies (Wilson et al. 2005) , thus providing valuable information for conservation at both local and global scales. Temporal change can also be indicative of widespread ecological change, particularly that relating to climate (Crick 2004) .
However, creating appropriate conservation policies for declining migrant species in response to global change presents a considerable challenge. Migrant birds are affected by factors acting at breeding grounds, overwintering areas and during migration. This geographical complexity not only makes establishing reasons for population decline difficult, but renders the development and implementation of conservation measures logistically challenging. Such problems are particularly pronounced for long-distance migrants such as the Pied Flycatcher Ficedula hypoleuca, the decline of which typifies the situation for many trans-Saharan species.
The quantification of population decline and investigation of possible causes, particularly with respect to productivity, can often be undertaken most effectively through intensive research at a single site as breeding parameters can be directly correlated with one another. Accordingly, intensive studies have been highlighted as a conservation priority, particularly for long-distance migrants (Amar et al. 2006 , Holmes 2007 . In the case of the Pied Flycatcher, decline in the British-breeding population of 20-43% is becoming increasingly well documented using data from the Repeat Woodland Bird Survey and the Breeding Bird Survey (Amar et al. 2006 , Baillie et al. 2007 ), but explanations, and possible solutions, remain elusive. The comparative rarity of the species in the UK means that productivity trends are hard to determine from national studies. In this study, we analyse 15 years of data on Pied Flycatcher population and productivity from Nagshead RSPB Nature Reserve (Gloucestershire, UK) to investigate possible reasons for observed population decline in this species at a regionally important breeding site (Goodenough 2008a) . We quantify temporal change in population size and productivity (direction and magnitude) and consider the interaction between these variables for the study population. We then test whether population decline can be better explained by factors at the breeding grounds (decreasing productivity, increasing competition or predation, changing temperatures) or factors external to the breeding grounds (weather patterns experienced at the wintering grounds or during migration resulting from the influence of the winter phase of the North Atlantic Oscillation (NAO)) to help resolve the question of whether reserve based management during the breeding season is an effective conservation tool for this declining species. Finally, we discuss the practicalities of potential conservation strategies from a policy perspective.
METHODS

Study site
This study was undertaken at Nagshead Nature Reserve (Gloucestershire, UK), which covers 308 ha centred on 0234'0"W, 5147'0"N. The site supports a nationally important diversity of breeding birds and a regionally important Pied Flycatcher population. It is also home to the longest running nestbox scheme in the UK (Campbell 1968) . Nestboxes are located primarily in a pre-1850 plantation of Pedunculate Oak Quercus robur, part of which is sheep-grazed.
Avian data
Data on nestbox occupations and breeding success of Pied Flycatchers at the Nagshead Flycatcher occupation (rectangular with a sloping roof; approximate internal measurements: 110 mm width, 170 mm depth, 210 mm mid-point height), and which had been available throughout the entire period, were included in the study. This gave a total of 732 breeding attempts (of which 722 had a known outcome) after removal of seven known relaying attempts, all of which were unsuccessful. It should be noted that six nestboxes on the reserve that were suitable for Pied Flycatchers were excluded from the study as they were not monitored routinely by nestbox checkers. Any potential bias of this exclusion on population or productivity estimates would have been be extremely slight. Mean annual nestbox occupation by all holenesting passerines was 73% (range 61-90%). Breeding success data comprised three absolute measures of breeding success (clutch size, number hatched and number fledged).
Two relative success measures (the proportion of eggs hatched and the proportion of young fledged) were calculated from the available data. As fledging was witnessed on very few occasions, fledging was deemed to have occurred when the young birds were capable of leaving the nest on one visit and, on the subsequent visit, the nest was found empty and undisturbed with a well-trodden lining containing feather scale and droppings (Beaven & Leech 2003) . Any dead or injured young that remained in the nestbox after fledging were deducted from the number of young recorded as fledged.
Because Pied Flycatchers use nestboxes in preference to natural cavities, a surplus of nestboxes enabled the breeding of (almost) all individuals within the population to be accounted for, such that nestbox occupations were a reliable proxy for breeding population size. In addition, because nests were recorded at the nest-building stage and were monitored throughout, data could be analysed without using the Mayfield method and the simplifying assumptions therein (Mayfield 1975 , Hensler & Nichols 1981 .
Statistical analyses
Count data were log (ln+1) transformed and proportional data were arcsine square root transformed to achieve normality. Statistics were undertaken using SPSS for Windows 14.0.
To analyse temporal changes in the size of the breeding population, bivariate regression was used with year as the predictor variable. The same approach was used to test for temporal change in productivity, with the additional use of Bonferroni probability value adjustments to allow for multiple calculations. To analyse temporal change in productivity, unweighted annual means were calculated for each parameter to mitigate pseudoreplication problems. To determine whether within-year variability in breeding success changed significantly between 1990 and 2004, the interquartile range (IQR) of each breeding success parameter was calculated on a yearly basis and regressed against year. IQR was chosen as the variability measure since this quantifies the success of the most typical 50% of broods. This excluded outliers and reduced the bias from atypical years which have skewed breeding success parameters (Lundberg and Alatalo, 1992) . Change in complete nest failure was analysed by calculating a binary success/failure variable for each nest (0 = no young fledged; 1 = at least one young fledged) and entering this as the dependent variable in a logistic regression analysis.  Fledging success the preceding season can affect recruitment into the breeding population as previously determined for Pied Flycatchers in Finland (Virolainen 1984) . The average number of young fledged was quantified using the mean (rather than the median) as: (1) it allowed results to be directly compared with those of Virolainen (1984); and (2) the median is restricted to integer and .5 values which, in the study of the fledging success in a small passerine, lacks precision and gives a very few possible values such that the validity of using regression to analyse data is unsatisfactory.
 Spring temperature: a fundamental influence on all aspects of avian breeding, including breeding density (Saether et al. 2004) . The temperature data were collected from the nearest Meteorological Office weather station (Ross-on-Wye, Herefordshire, eight miles north of Nagshead). The proximity of the weather station to the study site, the similar altitudes, and the use of monthly averages rather than daily readings, justifies the use of off-site data in this study (Perrins 1991) . Having three temperature measures exceeded the case:variable ratio beyond that recommended for MLR (Tabachnick & Fidell 1989) and confounded the multicollinearity assumption. Accordingly, only one temperature variable was made available for entry into an analysis at any one time (Elliot et al. 2000) .
One problem with ecological modelling is the lack of validation of models, particularly the lack of the most rigorous form of validation: prediction of values and comparison with new field data (McGarigal et al. 2000) . This can be a specific problem in stepwise procedures due to elevated r 2 values that can render the predictive accuracy of the model uncertain in the absence of crossvalidation (Whittingham et al. 2006) . Here, MLR models were cross-validated by making predictions for the 2006 and 2007 breeding seasons and comparing these to primary field data to ensure that the model, and the research results arising from its use, were sound. All models generated were used to draw inferences, rather than restricting consideration to the minimum adequate model. To ensure that regression analyses were used appropriately, assumptions of normality, linearity, homoscedasticity and autocorrelation were assessed by examining residual plots and using Shapiro-Wilk and Durbin-Watson tests (Shaw 2003) . The assumption of a lack of multicollinearity was tested for MLR analyses using tolerance collinearity statistics (Field 2000) . The variance explained by any MLR regression was calculated using the adjusted r 2 to avoid the number of independent variables biasing the model.
RESULTS
Temporal change in breeding population
The number of Pied Flycatcher nests per year has declined severely, falling from 86 in 1990 to just 23 in 2004 (Fig. 1 ). This is a decrease of 73.3% or 4.2 nests per year (r = -0.93, n = 15, P < 0.001), and as nestbox occupations are a good proxy for breeding population (see above), it suggests the reserve's breeding population is undergoing severe decline. years) was significantly lower than the mean clutch size during 1948-1963 (6.97 ± 0.32 sd based on 1,131 nests in 16 years: calculated from Lack 1966) at the same study site (independent two-sample t-test, t = 2.07, df = 29, P = 0.048). This last point should be interpreted cautiously as the method used to exclude relaying attempts in Lack's study (arbitrary removal of late clutches) might have resulted in some genuine late (thus small) clutches being excluded from the 1948-1963 dataset. The nest failure rate (most usually due to whole-brood predation or desertion) remained statistically constant (ß = -0.04, n = 722, P = 0.079) although the borderlinesignificant result indicates there was some reduction in nest failures during the study period that might be biologically significant. This interpretation was supported by an effect size (calculated using the odds ratio method) of < 1 (exp ß = 0.96), suggesting a potentially important reduction in total nest loss. When additional analyses were run for number fledged and proportion fledged from successful nests only to establish the pure temporal trend in partial losses, the decrease in breeding success became more dramatic than when total and partial losses were confounded (Table 1; Fig. 2 ). There was no change in within-year variability of any measure of breeding success during the 15-year period (P > 0.2; tests not shown).
Temporal change in productivity
Exploratory analysis
Stepwise MLR analysis to explain temporal change in Pied Flycatcher breeding density, as defined by the number of nestbox occupations (this factor being entered as the dependent variable), resulted in three initial models being constructed. Year was entered into the first model, mean number of young fledged per brood the preceding season was added to create a second model, and finally mean April temperature was added to create a third model ( Table 2 ).
The third model explained 94.7% of variance in the size of the Pied Flycatcher breeding population. Although there was some multicollinearity in the second and third models due to the correlation of year with breeding success the preceding year, collinearity statistics (see above) showed that this was well within limits, such that the model was not compromised.
Hierarchical MLR (whereby the mean number of young fledged the previous year was entered before year) confirmed that year had a significant effect on the Pied Flycatcher breeding population over and above that caused by its influence on fledging success the preceding season. On its own, the mean number of young fledged the preceding season explained 36.7% of variance in the Pied Flycatcher population size (Fig. 3a) . This was also supported by a significant relationship between mean number of young fledged the previous year and annual percentage change in population size (r = 0.56, n = 14, P = 0.037; Fig.3b Flycatcher breeding population was explained using winter NAO rather than April temperature as a predictor, the latter was replaced with the former in the MLR candidate variable list. The winter NAO index was found to be a significant predictor of breeding population size, being entered into the MLR at the same place as April temperature had been previously. Moreover, the variance explained by the resultant model increased from 94.7% to 96.2%. Crossvalidation showed that this final model (year, previous breeding success and winter NAO index) could be used predictively with very high accuracy: the prediction of population size in the 2006 breeding season was 97.8% accurate (Table 2) , while prediction of the 2007 population was 96.5% accurate. In both cases, the accuracy of the actual prediction was higher than the calculated r 2 value.
The absence of a relationship between the overall density of nestbox breeding birds (nestbox occupations by all heterospecifics) and the size of the Pied Flycatcher breeding population was suggested by the exclusion of the density predictor variable in all MLR models (see above). This was verified by checking for species-specific relationships between the Pied Flycatcher population and that of the other common Nagshead nestbox occupants (Pearson correlation between Pied Flycatcher and Blue Tit Cyanistes caeruleus r = -0.36, n = 15, P = 0.185; between Pied Flycatcher and Great Tit Parus major r = 0.13, n = 15, P = 0.639).
DISCUSSION
Temporal change in breeding population
The decrease in the Pied Flycatcher breeding population at Nagshead of 73% (1990-2004 ) is much greater than that shown nationally: BBS data showed a 43% decline (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) Although the severe decline reported here might be site-specific, it could be indicative of range contraction or future decline, especially as the study site is on the eastern limit of the species' range in southern Britain (Gibbons et al. 1993) . Crucially, if the decline of 73% were reflected across the UK, the species would more than meet the 50% decline criterion for red-listing as a species of high conservation concern (Gregory et al. 2002) . Decline in Pied Flycatcher populations is not limited to the UK, and is also occurring in other areas of Europe (e.g. Both et al. 2006) .
Temporal change in productivity
The only breeding success parameters to change over time were the number and proportion of young fledged per brood. Quantification of change in productivity is important as the comparative rarity of the species in the UK means that national trends cannot be reliably determined from national studies such as the Nest Record Scheme (NRS) or from ringing at Constant Effort Sites (CES). The number of nest failures as a proportion of the total number of nests decreased (non-significant result but the effect size is large indicating that this could be biologically, if not statistically, significant). This indicates that the decrease in breeding success
is not a result of more total nest failures (which are usually due to predation or desertion). This is 
Exploratory analysis
The importance that the mean number of young fledged per brood the previous year has on the size of the Pied Flycatcher breeding population is in accordance with research by Virolainen (1984) on a breeding population at Lake Kimpari in Finland. However, the relationship between these variables at Nagshead was not as strong as that at Lake Kimpari, even though the similar-sized populations were both declining. This reflects spatial variation in population dynamics, even between apparently similar populations. Similarly, Stenning (1984) showed a strong relationship between the post-breeding size of the Nagshead Pied Flycatcher population in one year (which would be strongly correlated with fledging success in that year) and the breeding population the following year (57% of variance explained, increasing to 76% after controlling for the influence of immigration).
The relationship between winter NAO index and breeding population size is important as it is notoriously difficult to establish the influence of factors external to the breeding ground on 
Conservation implications
The declining breeding population and decreasing breeding success are of significant conservation concern. The decrease in fledging success appears to be partly responsible for the reduction in the size of the breeding population in subsequent years, but other factors are likely to be involved. This is typical for declining long-distance migrant species when a complex series of interacting factors throughout the yearly cycle at wintering and breeding grounds and on migration can combine to cause decline ( Further research is needed to determine which factors external to the breeding site may be causing decline. Such research will require multinational cooperation and needs to consider changes in both the abiotic and biotic environments. Table 2 . Independent variables that explain variation in the size of the Nagshead Pied Flycatcher breeding population. Population was determined using nestbox occupations in 1990-2004 as a proxy dependent variable and analysed using stepwise multiple linear regression, which created four models based on the number of independent variables entered (n = 15 years). 
Model Variables
